We developed a measurement method of Soret coefficient ST using a two-wavelength Mach-Zehnder interferometer.
Introduction
When a temperature gradient is applied to mixed solution having uniform solute concentration, the solute is transported to either cold or hot side and a solute concentration gradient is established. This phenomenon is called Soret effect (thermal diffusion). This thermodynamic indicator, Soret coefficient ST, is expressed by the ratio of diffusion coefficient D and thermal diffusion coefficient DT as Eq. (1).
(1) Soret effect plays an important role to redistribute solutes during crystal growth of alloy 1) . Thus, development of a measurement method for Soret coefficients ST with high accuracy is required.
Soret cell is known as the classical measurement method for ST of mixed solutions 2) . The Soret cell consists of the two thin plates sandwiching a sample solution film. The gap between the plates is maintained by braces. The braces have holes to extract the solution using a syringe to measure the solute concentration gradient. However, this sampling method using syringe is an error source for concentration measurements because of forced convective disturbance during extracting the solution. Therefore, interferometry has been applied to the measurement of ST so as to avoid forced convective disturbance [3] [4] [5] [6] [7] , because interferometry enables contactless measurement of either concentration or temperature. Moreover, space environments have been utilized in order to avoid natural convective disturbance. Shevtsova et al. 8) measured diffusion coefficient and Soret coefficient of binary mixed solution using one-wavelength Mach-Zehnder interferometer in the ESA Columbus module of the International Space Station (ISS) (the Influence of Vibrations on Diffusion in Liquids (IVIDIL) mission). However, a one-wavelength Mach-Zehnder interferometer does not enable the contactless simultaneous measurement of both concentration and temperature of binary solution. The temperature of sample solution was estimated from the measured temperature of the copper block. This way of temperature estimation could be one of the error sources.
We are planning to measure the Soret coefficient of binary mixed solution using a two-wavelength Mach-Zehnder interferometer in the Japanese Experiment Module (JEM) "Kibo" of the ISS (the Soret-Facet mission). Two-wavelength Mach-Zehnder interferometer enables the contactless simultaneous measurement of both concentration and temperature of binary solution 9) . The salol -tert-butyl alcohol alloy, which was used in the Facet mission 10) , is used as sample solution in the Soret-Facet mission, too.
The present study was done to evaluate the feasibility of the Soret-Facet mission. The possibility of the temperature and concentration measurement for Soret coefficient using two-wavelength Mach-Zehnder interferometer was confirmed by the experiments.
Experimental
Pure salol (phenyl salicylate, Wako Yakuhin Inc.) and a salol -6 mol% tert-butyl alcohol (98 mass%, Tokyo Chemical Industry Co.) solution were used as sample liquids. Especially, salol was purified by several zone-melting cycles in order to eliminate errors from impurities.
Two kinds of transparent quartz cells were used as the containers for the samples (Fig. 1) . The cell for pure salol was equipped with two holes for inserting K-type thermocouples (TC). The temperatures of pure salol were measured using the thermocouples and recorded every 10 seconds with data logger (CT05SD, CUSTOM Ins.) so as to compare with the measurement results of the interferometer. The gaps around the TC in the holes were sealed with silicon rubber (KE45, Shin-Etsu Chemical Co.) to prevent the pure molten salol from leaking out. On the other hand, the cell for the salol solution has no holes so that volatile tert-butyl alcohol can be sealed tightly. Figure 2 shows the two-wavelength Mach-Zehnder interferometer with wavelength of 532nm and 780nm diode lasers (84928 and 83840, respectively, Edmund Optics Inc.) for the measurement of variation in the temperature T and concentration C. A laser beam of either 532 nm or 780 nm, which was irradiated alternatively with a switching plate every 3 seconds, passed through spatial filter, beam splitter and lens. When the laser beam reached the first half miller, the beam split into two lines with and without the quartz cell. Finally, the both beams overlapped each other and interference fringe was generated because of the optical path difference between two lines.
The temperatures of Peltier devices were controlled by feeding back the temperatures of aluminum blocks using Peltier device controller (Fig. 2) following the temperature program as shown in Fig. 3 . At first, both top and bottom sides of the cell were heated at 60°C with Peltier devices to melt the sample liquid and homogenize the temperature and concentration of the sample liquid. The temperature was set lower than 60°C so as to avoid evaporation of sample. Over 12 hours later from turning on the Peltier devices, we started taking movies of variation in a certain dark line of interference fringes with a CCD video camera (MS-58H, MOSWELL Co.) and saved them to a hard disk drive. The positions of viewing fields were set as shown in Fig. 1 . Soon after that, the bottom side was cooled from 60°C to 30°C. Now, t stands for the elapsed time since starting to give difference of temperature. A positive density gradient by the negative temperature gradient to the gravity vector was applied to avoid natural convective disturbance.
The movement of the interference fringes in solution side was evaluated by the number of the dark lines crossing a measuring point from the right to the left (Fig. 4) . The symbol L stands for the distance of the travelled dark line (black arrow) per unit time from measuring point and W stands for the width of the fringe. The number of dark lines crossing the measuring point m was calculated by Eq. (2) .
The change of fringe pattern depends on the change of refractive index of sample liquid. Thus, the change of refractive index n is expressed by Eq. (3). Now, assuming that sample solution has linier temperature and concentration gradient, Soret coefficient ST is calculated by following Eq. (6) using the measured T and C.
Here XC is defined as the distance from the centerline between the upper surfaces and bottom interface of the quartz cell, and XT is defined as the distance from the upper surface (Fig. 1) . Table 1 shows the values of XT and XC. 1, 2 (TC1, TC2) . On the other hands, the cell for the experiments using salol -6 mol% tert-butyl alcohol solution has no holes. Figure 5 shows the variations in the number of the crossing dark lines m of pure molten salol using Mach-Zehnder interferometer with only 532 nm diode laser. The symbols ms and mw stand for the m in solution side and in the wall side, respectively. When m is a positive value, the dark lines move from the right to the left in Fig. 4 . Both ms and mw have the similar wavy pattern with a period of about 30 hours. Now, assuming that the wavy pattern does not depend on the temperature of pure molten salol, the m depending on only the melt temperature is expressed by subtracting mw from ms. Fig. 6 shows the comparison between the results of calculation T532 by Eq. (5) using m532 and measurements using TC1 and TC2. In Fig. 6 , T532 is lying between the results of the melt temperature measurement using TC1 and TC2 (Fig. 1) . Therefore, the wavy pattern does not depend on the temperature of pure molten salol and can be removed by subtracting mw from ms.
Results and Discussion
Then, T and C were calculated by Eq. (5) using m532 and m780 of salol -6 mol% tert-butyl alcohol solution in order to obtain Soret coefficient (Fig. 7) . The curve of the variation in concentration C has a spike around t = 6 h in Fig.  7 . There is some possibility that the spike was caused by unexpected mechanical vibration with a limited period and does not depend on Soret coefficient. If the mass transfer resulted in Soret effect became steady at t = 8 h, ST was calculated as 8.8 ± 0.81 × 10
( ST /ST = 9.2%) by Eq. (6) using the average of the T and C after t = 8 h in Fig. 7 . Here ST is the standard deviation among the several ST values obtained after t = 8 h. If convective disturbance is not avoided, the concentration gradient should be smaller, which makes the measured value of ST smaller than the real one. Therefore, the microgravity experiment is necessary to examine the reliability of the ST obtained under the terrestrial condition. 
Conclusions
We measured the number of crossing dark lines of interference fringes m of pure molten salol and the salol -6 mol% tert-butyl alcohol solution using two-wavelength Mach-Zehnder interferometer under the condition of given temperature gradient to measure Soret coefficient ST. We clarified that the interferometer enables the measurement of ST and reached the following conclusions.
1. The m measured by two-wavelength Mach-Zehnder interferometer has the wavy noises with a period of about 30 hours, which can be removed by subtracting mw from ms. The variation in temperature T and concentration C can be measured by two-wavelength Mach-Zehnder interferometer. Therefore, ST can be calculated using the interferometer. The variations in temperature T and in concentration C become steady at t = 8 h. , ST /ST = 9.2%.
